Hybrid fibres addition in concrete proved to be a promising method to improve the composite mechanical properties of the cementitious system. Fibre combinations involving different fibre lengths and moduli were added in high strength slag based concrete to evaluate the strain hardening properties. Influence of hybrid fibres consisting of steel and polypropylene fibres added in slag based cementitious system (50% CRL) was explored. Effects of hybrid fibre addition at optimum volume fraction of 2% of steel fibres and 0.5% of PP fibres (long and short steel fibre combinations) were observed in improving the postcrack strength properties of concrete. Test results also indicated that the hybrid steel fibre additions in slag based concrete consisting of short steel and polypropylene (PP) fibres exhibited a the highest compressive strength of 48.56 MPa. Comparative analysis on the performance of monofibre concrete consisting of steel and PP fibres had shown lower residual strength compared to hybrid fibre combinations. Hybrid fibres consisting of long steel-PP fibres potentially improved the absolute and residual toughness properties of concrete composite up to a maximum of 94.38% compared to monofibre concrete. In addition, the relative performance levels of different hybrid fibres in improving the matrix strain hardening, postcrack toughness, and residual strength capacity of slag based concretes were evaluated systematically.
Introduction
Fibre addition to concrete improves the tensile performance due to secondary reinforcing mechanism provided in the matrix. There had been considerable advancements on the efficient use of fibres in tailoring postcrack performance. Different types of fibres, either low modulus or high modulus, were added to increase the crack resistance properties [1] [2] [3] . In addition the metallic fibres such as steel and nonmetallic fibres such as polyester, polyethylene, polyvinyl acetate, and polypropylene were found to smoothen the postelastic strain softening properties of concrete. The load deformation characteristics of fibre incorporated concrete are known to provide the required strain hardening and strain softening properties when subjected to loading [4, 5] . Studies indicated that the appropriate selection of fibre types and fibre modulus can result in the improvement of mechanical properties of brittle concrete. The proper selection of mix constituents and the effect of fine to coarse aggregate ratio have significant influence on the fibre reinforcing efficiency [6] [7] [8] . It is understood from the studies that the matrix reinforcing efficiency is dependent on selecting the optimal volume fraction of fibres. This can result in lower fibre spacing and can effectively strengthen the matrix resulting in the delay for matrix cracking. The origination and propagation of microcracks can be better controlled with the presence of bridging mechanism using fibres [9, 10] . This can result in subsequent reduction on the crack width formation during continuous drawdown of the load deformation process. In another study conducted on hybrid steel-PP fibres the toughness properties were found to be dependent on degree of cracking [11] . High modulus fibres control the residual strength after failure and low modulus fibres control the ductility of the composite leading to large deformation. Optimal volume fractions of steel fibres at 2% and polymeric fibres up to 0.3% exhibited characteristic improvements on the strain hardening properties [12] . In another study it was indicated that the different hybrid fibre combinations consisting of steel 2 Advances in Civil Engineering and polymeric fibres (polyester, polypropylene, and glass) had shown considerable improvements on the mechanical properties as well as reduction in shrinkage of concrete [13] . Performance of fibre addition is known to be superior in high strength matrix rather than ductile matrix due to real benefits of fibre straining being experienced at large deformation [14] . In another study it is indicated that the fibre addition can delay the initial crack formation upon stress [15] . This provides a major application for prefabricated light weight concrete elements which undergoes handling initial stress. Presence of fibres provides adequate matrix strengthening and can provide rigidity towards microcrack formation. It is understood from the literature that hybrid fibre addition in concrete can potentially improve the hardening mechanical properties. Further investigations are needed to explore the toughness characteristics of the composite incorporating the different hybrid fibre combinations. The effects of steel-PP fibres on the strain hardening and strain softening properties of the concrete need special attention. Also, the effect of fibre addition on the matrix strengthening and its improvements in slag based cementitious system requires more experimental validation.
Research
Significance. The present study emphasizes the evaluation of mechanical properties of high performance slag based concrete incorporating fibre combinations. Steel and polypropylene (PP) fibres were added at different volume fractions and the postcrack performance was measured using load-deformation characteristics. Flexural evaluations were measured using load and deformation controlled methods by using Japanese yoke setup and true deflection was calculated. A special concrete mixture design method was carried out to select the matrix constituents for effective fibre performance.
Materials Used

Binder Materials Used and Their Composition
(i) Cement-ordinary Portland cement of 53 grade was used in the present study which had a specific gravity of 3.21.
(ii) Binder-ground granulated blast-furnace slag (GGBS) obtained from industrial waste was used as supplementary cementitious material and the silica content was 32.3% with alumina around 10.48%.
(iii) Aggregates fillers-river sand passing through 4.75mm and coarse aggregate passing through 20 mm and 12.5 mm were taken at 60 : 40 ratio.
(iv) Chemical admixture-to improve the workability of fresh concrete mixtures, a polycarboxylate ether based superplasticizer condensate was used as high range water reducing admixture (HRWR) which had a specific gravity of 1.18.
(v) Fibres-a low modulus polypropylene and high modulus steel fibres (as shown in Figure 1 ) were added in concrete mixes and the properties are given in Table 1 .
Concrete Mixture Proportions.
Concrete mixtures were designed based on the minimum cement content using aggregate packing methodology. Target strength of M40 grade of controlled concrete was achieved using the granular packing concept. Various constituents such as aggregate fillers and binder were determined based on packing volume of concrete. Maximum packing density evaluation of aggregates provided the minimum quantity of binder volume required. The final mixture and detailed proportions of various concrete mixes reached are given in Tables 2 and 3 . Different hybrid fibre combinations consisting of long and short fibre types of steel and polypropylene fibres were used in the present study.
Mixing, Casting, and Curing of Concrete Mixes.
Concrete ingredients were initially mixed in a pan mixer of 60 litres capacity, wherein the dry mixing of ingredients was carried out for 3 minutes and then followed by the addition of fibre addition. Fibres are dispersed homogenously during addition in concrete mixer as the fibres were bunched together by water soluble glue. Steel fibre addition showed reduction in workability and was reinstated with the addition of high range water reducing (HRWR) admixture. Workability of concrete was affected at increased fibre dosage and showed a slump value in the range of 65 to 78 mm; however with the superplasticizer addition the workability was improved to 90 mm. Fresh concrete mixes were casted in different steel moulds required for testing different mechanical properties. Later after a day the casted specimens were remoulded and kept for required curing in a water tank.
Compressive Strength Test.
Compressive strength properties were evaluated from concrete cube specimens (150 × 150 mm × 150 mm) in a compression testing machine of capacity 2000 kN. The rate of loading was kept constant at 2.5 KN/sec throughout the entire testing process.
Flexural Strength Test.
Flexural test was carried out in a 100 KN testing machine operating at a displacement rate of 0.5 mm/min and the various properties such as ultimate flexural strength and load deformation properties were determined. True deflections at the centre of specimen were calculated using Japanese yoke arrangement [16] as shown in Figure 2 which facilitates the prevention of extraneous deflection at the ends. A three-point loading arrangement was used for conducting flexural test. Mechanical dial gauges were used to measure the load deformation values till failure of the concrete specimens. Further characteristic evaluation on the hybrid fibre and monofibre action in different concrete systems were analyzed. Based on the load-deflection plots drawn in Graph software V 4.2., various toughness calculations were calculated accurately as determined below.
(i) Absolute toughness represents the area under the entire load-deflection plot.
(ii) Postpeak toughness is calculated from the area between the ultimate load and failure load under load-deflection curve.
(iii) Residual toughness was measured from the area between the first drop in load after ultimate load till 3 mm deflection of the load-deflection curve.
(iv) Residual strength (%) was calculated by dividing the residual load by the ultimate load.
Experimental Test Results and Discussions
Compressive Strength Properties.
The compressive strength improvements in the case of different fibre reinforced concrete mixes are provided in Table 4 and shown in Figure 3 . Test results indicated that fibre addition showed improved compressive strength (48.56 MPa) in the case of hybrid fibre concrete mixes containing short steel and polypropylene fibre combinations. It can be also noted that monosteel fibre (short) concrete mix also exhibited the highest compressive strength of 47.8 Mpa. Similarly the hybrid fibre combinations containing short and long steel fibre combinations exhibited the highest compressive strength of 46.21 MPa. In the case of other monofibre concretes the strength increase was not anticipated compared to design concrete of M40 grade. Compressive properties were better improved in hybrid fibres with short fibre combinations due to large fibre availability and provided closer spacing of fibres. The right blends of high and low modulus fibres provide the required composite strength enhancement. Also, the shorter polypropylene fibres at higher volume fraction showed enhanced strength due to large fibre availability. This could be a result of low specific gravity and more fibres present in the matrix. The real bridging mechanism of fibres was not observed after examining the failed concrete specimens in which neither the fibre pullout nor fibre straining occurred in the fractured surface. The plane of fracture developed in compressive testing does not influence the tensile capacity of fibre from the matrix which possibly may not affect the ultimate strength capacity of the composite. However, the improvements in the compressive strength occurred as a result of effective matrix strengthening due to which delay in crack opening might possibly occur. It can be concluded that compressive strength is a function of rigidity modulus of the composite occurring during shear strain along the plane of loading. The fibres influence the matrix strengthening and provide adequate shear resistance which can be justified as the reason for the increase in strength. Figure 4 . It can be noted that a maximum flexural strength of 7.78 MPa and 7.52 MPa was noticed for hybrids consisting of steel fibres and short steel-PP combinations, respectively. Similarly the other hybrid combinations were also proved to be more effective in improving the ultimate flexural strength with a marginal decrease than the former hybrid types. Compared to hybrid fibre concretes, the addition of mono-steel nor PP fibres had shown an appreciable increase on the strength. This essentially showed the importance of fibre mechanism in the case of adding two fibre types. Among the different hybrids the short fibre combinations demonstrated higher load carrying capacity due to matrix strengthening. The large fibre availability and subsequent reduction in fibre spacing can possibly reduce the propensity for crack initiation. The delay in crack origination and propagation can be identified as a possible mechanism which alters the flexural strength capacity of the composite. It is well conceived from the test results that the prepeak strain hardening properties are governed by the matrix cracking and stability of crack growth. The high strain hardening properties can possibly yield controlled deformation rate and can result in higher flexural strain capacity. It can be noted that the possible inclusions of hybrid fibres substantially improved the flexural stress capacity of the slag based high performance concrete. 
Flexural Properties
Load Deformation Characteristics.
The characteristic mechanical behavior of the hybrid composite was noted in the load deformation properties when subjected to flexural loading. It can be noted from Figure 5 that the prepeak and postpeak curves for mono-PP fibre composite are well defined with a sudden drop in load after ultimate. However, further increase occurred with the gradual pseudostrain hardening noticed in the postpeak region and thereafter a gradual strain release was observed in the composite.
In the case of mono-short steel fibre composite the sudden drop in load was not noticed after peak; however, the gradual loss in stress occurred with complete failure that occurred due to pullout as seen in Figure 6 . In the case of short steel fibre addition, the postpeak curve showed a gradual reduction in the stress carrying capacity without any visible signs of plastic deformation and can be noted in Figure 7 . It indicates that, at large crack widths, the small fibres had not shown significant contribution to the crack bridging properties. From Figure 8 of the load deformation curve, the hybrid fibres consisting of short steel-long PP fibre combination showed large deformation after peak with an initial sudden drop in load. However, the significance of adding two different fibre moduli was better observed with a pseudostrain hardening properties. This is indicated with plastic deformation occurring for large strain values which can be defined as the ductility of the composite. This was the characteristic property of hybrid concrete investigated in this study which demonstrates the synergistic interaction of fibre combinations in the postpeak region. Similarly the other hybrid combinations shown in Figures  9, 10 , and 11 denoted the plastic strain hardening of the composite with gradual failure. However, it can be noted that the postpeak response of the composite is governed by the short steel fibres with large availability to bridge the unsteady crack growth. Also, the longer PP fibres provide adequate strain at failure of the composite resulting in improved ductility properties. after failure. It was clearly evident from the experimental results shown in Figure 12 that the maximum residual strength was noted in hybrid fibre concretes compared to monofibre concretes. Among the various hybrid fibre concretes, the maximum residual strength of 6.56 MPa was measured in the case of short fibre types consisting of steel-PP hybrid concretes. Also, a similar maximum residual strength of 6.28 MPa was noted in the case of short and long steel fibre hybrid composites. The results indicate that the residual strength performance adequately indicates the relative level of stress capacity of the material after failure. The incorporation of hybrid fibre types essentially proved to demonstrate the flexural capacity of the matrix even after cracking. The steady crack bridging effects without sudden energy dissipation can be adequately controlled by high and low modulus fibre addition in concrete.
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Absolute Toughness.
The energy absorption capacity of the concrete composite is defined as the toughness and measured from the area under load deformation curve and provided in Figure 13 . It can be noted that compared to monofibre additions, hybrid fibre concretes exhibited higher absolute toughness. Among the different hybrid fibre concretes tested, the hybrid concretes containing long fibre steel-PP fibre combinations showed the highest toughness value of 121.4 N-m. A similar toughness was observed in the case of long monosteel fibre concrete and apparently showed a synergy existing when long fibre hybrids were incorporated in concrete. Most notably the longer fibres proved to be efficient in bridging macrocracks and further the straining of fibres was anticipated. This could possibly be the mechanism resulting in large area under the load deformation curve and significantly yielding a higher toughness value. In general it can be justified that the fibre matrix interaction is better enhanced in the case of hybrid fibre combinations containing long fibres of low and high modulus types which showed synergistic interaction in the high strength matrix. It can be stated from the fundamental mechanics of hybrid action that the fibre matrix interface is influenced by the longer length of fibres due to which there is a corresponding crack bridging stress. Also, the crack bridging stress is a function of number of fibres available at the crack front and dependent on the fibre modulus. In the case of hybrid fibres compared to longer lengths and high specific gravity fibres generally the number of fibres available will be more for a small length and low specific gravity. It can be also noted that the fibre reinforcement index which is a function of number of fibres available for a given concrete area is more for low modulus polypropylene fibres compared to steel fibres. This possibly reveals that, upon crack propagation, the stress balancing occurs at 95% of the ultimate load due to matrix cracking and further instability after peak load resulting in large crack width could not possibly be bridged by low modulus PP fibres. This is eventually seen as sudden drop in load in the case of PP fibre substitution and can be also seen to improve with high volume fraction of PP fibres in the matrix.
Postcrack/Postultimate Toughness (PCT).
The toughness capacity of the material after cracking is defined as the postcrack energy absorbing capacity of the material and the values for various hybrid concretes are provided in Figure 14 . Compared to monofibre concretes the hybrid fibre concretes showed a corresponding increase on the postcrack resistance of the material. Among the different hybrid concretes, long fibre combinations of steel-PP fibres showed higher postcrack toughness value around 110.45 N-m and a similar increase up to 108.9 N-m was anticipated in the case of PP fibre combinations. In the case of short fibre combinations of steel-PP fibres the maximum PCT was measured around 95.3 N-m. The results proved to be demonstrating the hybrid fibre reinforcing efficiency even after cracking and revealed that possible synergy can be anticipated when fibre combinations are used for improving the high strength concrete matrix.
Residual Toughness (RT).
Toughness measured at the onset of first drop in load is used to define the energy absorbing capacity of the composite. The test result of the various hybrid composites is given in Figure 15 and possibly gives an estimation of the flexural capacity of the material even after failure. The hybrids consisting of long steel-PP fibre combinations showed the highest residual toughness and indicate a possible synergy of the composite.
Conclusions
From the experimental studies conducted, the following inferences related to hybrid fibre mechanism in a high strength slag based concrete are drawn. (i) Fibre addition consisting of polypropylene and steel showed considerable mechanical strength improvements with higher strain hardening properties of slag based concrete.
(ii) Compressive properties were favorably improved with the inclusion of hybrid fibres consisting of steel-PP and a maximum compressive strength was recorded up to 48.56 MPa.
(iii) Flexural strength enhancements were better observed in the case of steel-PP hybrid fibre concretes and a maximum flexural strength of 7.78 MPa and 7.52 MPa was noticed for hybrids consisting of long and short steel fibres and short steel-PP combinations, respectively.
(iv) Similarly the other hybrid combinations also proved to be effective in improving the ultimate flexural strength with a marginal decrease in other hybrid types. This essentially showed the importance of fibre mechanism in the case of adding two fibre types. Among the different hybrids, the short fibre combinations demonstrated higher load carrying capacity due to matrix strengthening.
(v) Toughness of the composite was found to be better enhanced in hybrid composite consisting of long fibre combinations than short fibre types. Crack bridging efficiency at higher load is effective in the case of longer fibres than shorter fibres.
(vi) Maximum absolute toughness (121.4 N-m) was noted in the case of long steel-PP fibre combinations and the postcrack toughness was found to be maximum in the case of long fibre combinations of steel-PP fibres.
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(viii) It can be concluded from the overall studies conducted that the inclusion of long hybrid fibre (steel-PP) types had shown favorable prepeak and postpeak response of the slag based high performance concrete.
Compared to monofibre addition, the real benefits in terms of improved mechanical performance can be anticipated in hybrid composites.
